ABSTRACT: A variety of ecological, physiological and environmental factors influence the energy budgets of diving animals. For common eiders Somateria mollissima sedentaria wintering in sea ice habitats in the Canadian Arctic, time and energy costs of diving increase exponentially with tidal current speed. Here we use literature estimates of diving energetics and underwater dive data to quantitatively model net energy gain per dive cycle as a function of current speed. The model indicates a strong non-linear decrease in the profitability of diving with increasing currents, predicting that net energy gain per dive cycle will reach zero and become unprofitable at 1.21 m s -1 (at 11.3 m depth using baseline parameters from our study). As currents increase travel time, foraging time at the bottom decreases non-linearly, reaching a point where intake is inadequate to balance increasing diving and surface swimming costs. Sensitivity analysis indicates that this threshold is robust over a range of energy expenditure rates and is influenced most by energy intake rate, emphasising the importance of ecological factors such as prey abundance and quality. Eiders stop foraging and rest on the ice well below this threshold in weaker current regimes (~0.8 m s -1 ), at about the point when profitability begins to decelerate. Behavioural time series of diving under constraints of strong tidal current regimes indicate that these eiders do occasionally dive in currents up to ~1.2 m s -1 , providing support for the energetic model. Eiders did not dive in faster currents, which could also be influenced by a physiological limit to swimming speed. We conclude that ocean currents can cause a non-linear decrease in net energy balance and are therefore an important and understudied consideration for diving animals. Many functional aspects of diving (e.g. locomotor costs or convective heat loss) have non-linear characteristics; these diminishing returns can be expected to play an important role in the dynamics of behavioural routines and the ability of organisms to respond to environmental variation.
INTRODUCTION
Understanding how the energetic costs of behavioural activities vary in relation to abiotic and biotic factors can provide important insights into the ecology of a species. Strategies which maximise net energy gains are expected to be favoured by natural selection (Schoener 1971) . Among diving birds, a tradeoff often exists between energy gain from prey consumption and energy loss due to the high energetic costs associated with diving. In some situations, energy costs of foraging may actually exceed that gained from prey consumption (e.g. Frederick & Klaas 1982 , Paulus 1984 . The energetics of diving have been studied extensively and indicate that diving entails a significant increase in energy cost over resting metabolism: e.g. tufted duck Aythya fuligula (Woakes & Butler 1983 , Bevan et al. 1992 , lesser scaup Aythya affinis (Stephenson 1994) , common and thick billed murre Uria spp. (Croll & McLaren 1993 ). High energy expenditure is required to counter buoyancy and hydrodynamic drag during diving (Lovvorn et al. 1991 , Stephenson 1994 ) and often to offset the increased thermoregulatory costs of compressed insulation (Wilson et al. 1992 ) and thermal conductivity in cold water (Jenssen et al. 1989 ). This combination of biomechanical and thermoregulatory costs makes diving a highly demanding mode of foraging.
Previous research on common eiders Somateria mollissima sedentaria wintering in polynyas in the Canadian Arctic indicated that the time and energy costs of diving increase non-linearly with tidal current speed (i.e. increased travel time and number of wing strokes required for descent: Heath et al. 2006 Heath et al. , 2007 . Additionally, the exponentially increasing travel time associated with diving in strong currents entailed a nonlinear decrease in the time eiders spent foraging at depth ). We are interested here in quantitatively modeling the energetics of these relationships and evaluating the possibility that a critical current speed exists beyond which diving is no longer a profitable activity. Observations indicate that eiders stop foraging and leave the water to sit on the edge of the sea ice during fast tidal currents. We combine underwater observations of eider diving behaviour with literature estimates of the energetic costs of diving activities in order to evaluate how net energy gain per dive cycle changes across the natural range of tidal currents faced by eiders in the wild (0 to 1.5 m s -1 ). The robustness of the predicted relationship and relative importance of various components of the model are evaluated using sensitivity analysis. Using radio telemetry data, we compare the results of energetic modeling with diving activity of eiders foraging in very fast current regimes in the wild. We discuss the implications of current speed and diminishing net energy balance in understanding the foraging ecology of diving animals.
MATERIALS AND METHODS
A variety of physiological and biomechanical research has been done on the energetics of diving in common eiders. In particular, research by Lovvorn et al. (1991) , Guillemette et al. (1992) , Nehls (1995) , Hamilton et al. (1999) , Hawkins at al. (2000) , Brinkman et al. (2003) and Richman & Lovvorn (2008) provided substantial information allowing empirically based estimates of energy expenditure rates for the various components of the dive cycle to be made. We used the information from these published sources to establish baseline estimates of energetic rates, which we describe for each activity. All parameters were subject to sensitivity analysis within ±10%, which was further expanded to ± 50% to demonstrate that our general results were substantially robust. We start with a basal metabolic rate (BMR) of 4 W kg -1 (Brinkman et al. 2003) , which is included in each activity. We first estimate energetic costs of thermoregulation and then determine the energy costs for each component of the dive cycle: descent, foraging on the bottom, ascent, and surface swimming. We summarise our energy estimates in Table 1 ; calculations are presented in W kg -1 to facilitate comparisons with other species. The Hudson Bay common eider is substantially larger than other species and sub-species, weighing between 2.5 and 3.0 kg (and even up to 3.17 kg: S. Jamieson pers. comm.), and so we conducted our energetic analysis based on a 2.75 kg bird.
Study site. The behavioural component of this research is based on underwater video observations conducted at polynyas (openings in the sea ice, e.g. maintained by strong tidal currents) around the Belcher Islands in Hudson Bay, Nunavut, Canada. In particular, we consider a small 11.3 m deep polynya at Ulutsatuq, where a population of ~100 eiders spent the winter foraging over extensive sub-tidal mussel beds. See Heath (2007) and Heath et al. (2006 Heath et al. ( , 2007 for further details and regression equations relating the duration of each component of the dive cycle to tidal current speed.
Heat loss to air and water. On the surface, a swimming bird is partly in the water and partly exposed to air; both must be considered in determining energetic costs due to heat loss. Based on biophysical assump- Table 1 . Somateria mollissima sedentaria. Summary of baseline estimates of energetic costs of various diving related activities for a 2.75 kg bird diving at 11.3 m (estimated from literature sources and using empirical regression equations: Heath et al. 2006 Heath et al. , 2007 (Gabrielsen et al. 1991) , and 4.29 W kg -1 at an unspecified temperature (probably 14 to 19°C: Hawkins et al. 2000) , suggesting that the biophysical model (Brinkman et al. 2003) overestimates costs in air at 5°C by 49 to 155%.
For resting on the water surface, respirometry yielded 5.03 W kg -1 (Jenssen et al. 1989 ) for common eiders (1.66 kg) at 5°C, and 5.91 W kg -1 for whitewinged Scoters (1.09 kg) at 9°C (Richman & Lovvorn 2008) , suggesting that the biophysical model overestimates costs of floating on water at 5°C by 136 to 249%. However, a higher value of 10.25 W kg -1 was reported for common eiders at 14 to 19°C (Hawkins et al. 2000) , indicating that the metabolic rate of floating eiders can be higher in some circumstances. For floating eiders in respirometry experiments, air temperature was probably very similar to water temperature (Kaseloo & Lovvorn 2006) and there was no appreciable air movement to enhance heat loss by convection. In contrast, floating eiders at our field site may experience above water air temperatures which are much lower than water temperatures, and high winds may cause substantial convective heat loss (Chappell et al. 1989) . Equations provided by Jenssen et al. (1989) for air temperatures of -35°C suggested a cost of 5.91 W kg -1 in air only; if a wind chill based on 25 km h -1 winds is incorporated, a cost of 6.96 W kg -1 in air only is suggested. We conservatively use a value of 6.0 W kg -1 for costs of resting in air only (i.e. costs for resting on the ice edge). Lacking definitive measurements for floating on water, we used a value of 10 W kg -1 for floating eiders at 14 to 19°C based on measurements by Hawkins et al. (2000) , which is 82.5% higher than the value of 5.48 W kg -1 for eiders floating on water at 0°C measured by Jenssen et al. (1989) ; this is likely to be conservative for conditions at our field site. Additional studies on thermoregulatory costs, particularly in colder air and water temperatures, are clearly required.
Surface swimming. An important component of the surface energy budget involves swimming, particularly in maintaining position as tidal currents increase. Stephenson et al. (1989) report that drag increases strongly at swimming speeds over 0.5 m s -1
. Hawkins et al. (2000) measured the oxygen consumption of common eiders swimming on the water at various speeds in a flume tank. They found that oxygen consumption increased exponentially above 1 m s -1 and that no ducks were able to swim at speeds greater than 1.3 m s -1 in their experiments. At 1.3 m s -1
, the volume of oxygen consumed was 1.8 times that whilst resting on the surface of the water. They report no change in oxygen consumption up to 1.0 m s , their data indicate an increase in oxygen consumption of 1.18, 1.36 and 1.6 times (respectively) that whilst resting on the water. As eiders could not swim against currents faster than 1.3 m s -1 , we assume for the purposes of the present model that they would be carried by currents faster than this and would therefore maintain an oxygen consumption rate 1.8 times higher than at rest. This allows us to fully explore the influence of other energetic parameters instead of truncating the model at 1.3 m s . Hawkins et al. (2000) did not provide a regression equation for oxygen consumption as a function of swimming speed. As it was desirable to keep our energetic equations continuous across their range, we performed a curve fitting exercise using the values of the multiplication factors listed above. The most accurate curve describing the relationship between the energetic multiplication factor for basal metabolic rate (MULTIPLE) and swim speed (SPEED) was a Gompertz curve, a sigmoidal function, which explained 99.6% of the variation. (1) Given that eiders often maintain their position on the surface, we assumed that surface swimming speed was equal to current speed and used Eq. (1) to determine the energetic costs of swimming as a multiple of surface resting cost (BMR + surface heat loss) with respect to current speed.
Descent. Our previous research indicated that the total number of wing strokes and the duration of descent increased non-linearly with current speed. Stroke rate and swim speed (relative to the moving water) were maintained within a narrow range across current speeds . Therefore, while the total time and energy costs of descent change with current speed, the rate of energy expenditure during descent should be fairly constant. Heath et al. (2006) noted that eiders always dove directly into oncoming currents, ending upstream of their surface departure point at an estimated dive angle of 0 to 20°. It is possible that increased drag in faster currents could lead to a decrease in dive angle (i.e. more vertical descent), although there is no data currently available to test this possibility. A slight change in dive angle induced by oncoming currents could compensate for increases in drag without entailing additional energetic costs. In either case, additional costs of drag not compensated for by small changes in dive angle are likely to be substantially smaller than the large increase in costs due to increased travel time and wing strokes on a given dive in fast currents (see Heath et al. 2006 ).
Changes in current speed could influence the rate of convective heat loss while underwater; however, given eiders swim at a relatively constant rate with respect to the water during descent , heat loss would not be expected to change substantially due to convective changes associated with current speed. Additionally, heat generated from exercise during diving likely compensates for heat losses (Kaseloo & Lovvorn 2006) . Based on equations from a simulation model for spectacled eiders that accounts for changes in buoyancy with depth (Lovvorn et al. 2009 ), the total mechanical cost of a 9.46 s descent to 11.3 m is 57.09 J kg -1 (6.03 W kg -1
). New estimates of oxygen consumption for a wing-propelled sea duck descending to 2 m depth (Richman & Lovvorn 2008) suggest that the aerobic efficiency for that model should bẽ 0.37 (J.R. Lovvorn, pers. comm.) . For a dive to 11.3 m, those equations yield an estimated mechanical cost of 6.03 W kg . This value is about 4 times the BMR we are using, and is therefore quite reasonable when compared with other published values for diving ducks (review in De Leeuw 1996). We used a value of 16 W kg -1 for common eiders diving to 11.3 m at our study site.
Foraging on the bottom. While foraging on the bottom, eiders use only their feet to counter buoyancy and move from patch to patch (Heath 2007) . Work against buoyancy at the bottom varies substantially with depth, and the equations in Lovvorn et al. (2009) for estimating the cost of bottom foraging in spectacled eiders do not apply to depths shallower than 30 m (J. R. Lovvorn, pers. comm.) . During bottom foraging, almost all mechanical work is done against buoyancy, which at 11.3 m depth is only 45% of the buoyancy at 2 m (Lovvorn et al. 1991 , Wilson et al. 1992 . Consequently, the respirometry value of 13.37 W kg -1 for whitewinged scoters foraging at the bottom at 2 m depth (Richman & Lovvorn 2008 ) will be only ~45% of the value at 11.3 m depth, or 6.0 Wkg -1 . However, the value for scoters was measured at only 9°C and not -1.8°C as in our study area. The volume of the insulative air layer in the plumage will also be substantially more compressed at 11.3 than at 2 m. A model by Grémillet et al. (1998) estimated that heat loss to the water increases by about 85% when the volume of the plumage air layer decreases to 45% of that at the water surface; work rates at the bottom are also much lower than during descent and produce less heat from exercising muscles to replace lost heat. We therefore increased the estimated cost of bottom foraging at 11.3 m for common eiders at our field site by 85%, from 6 to 11 W kg -1 . Ascent. Eiders foraging at 11.3 m depth in our study area are still positively buoyant and we observed that they passively ascended to the surface when they simply stopped kicking their feet. We therefore consider locomotor costs of ascent to be negligible at this foraging depth and assumed the costs of ascent were the same as those for resting on the surface of the water (i.e. 10 W kg -1 : see above). Behavioural parameters. We used the regression equations from Heath et al. (2006 Heath et al. ( , 2007 to determine descent duration, bottom duration and ascent duration as a function of current speed. When diving for mussels, eiders dove for an average duration of 58.47 s (± 5.32 SD), across current velocities from 0.0 to 1.0 m s -1 (see Heath et al. 2007 ). We calculated a minimum required surface pause duration for each dive to be 58 s using the empirical regression equation for eiders wintering in the Gulf of St. Lawrence (Ydenberg & Guillemette 1991) . Although surface pause durations in our study were sometimes substantially longer, we were only interested in the energy budget over a minimum required surface pause, which this value closely approximated ).
To calculate the energy costs for each component of a dive cycle (descent, foraging, ascent, and surface pause), we multiplied our above estimates of energy expenditure rates (summarised in Table 1 ) by the duration of each component predicted by the regression equations (from Heath et al. 2006 Heath et al. , 2007 . Fig. 1 indicates the predicted relationship between energy expenditure and current speed for each component of the dive cycle, using the baseline estimates summarised in Table 1 .
Intake rates. An analysis of the mass of food in the gullets (esophagus) of 13 common eiders (collected by local hunters at the Belcher Islands while the birds were feeding on the water) contained (average ± SD) 15 ± 10 g (95% CI = 5.4 g: S. Jamieson, unpubl. data). Our primary intent here is only to consider mussels; however, some of these birds were collected at locations other than our primary study area at Ulutsatuq polynya (i.e. other polynyas and floe edges around the Belcher Islands) and therefore contained other prey items. Common eiders collected in Greenland that had exclusively mussels in the gullet contained 11.2 ± 9.8 g (95% CI = 3.8 g: S. Jamieson, unpubl. data), which suggests these values of gullet contents are reasonable. While the gullet can act as a storage organ (Guillemette 1994) , unlike studies in other regions, eiders wintering at the Belcher Islands did not dive in regular foraging bouts before resting (see Heath 2007) and frequently paused for long periods on the surface before diving again (183 s ± 158 SD). This duration should be adequate to move most mussels from the gullet into the gizzard for processing; we therefore expect that many of the mussels present in the gullet of eiders at our study site could have been obtained within a single dive. We use 10 g as a baseline estimate of the mass of prey consumed per dive and consider a range of 5 to 15 g in our sensitivity analysis; the wide range should more than account for the possibility of food in the gizzard being acquired from multiple dives. Of course, a wide variety of factors affect the abundance, quality and availability of prey in the field; natural variation is likely to be substantially greater than any minor changes we might make to this estimate. We demonstrate below that this intake rate is well within that observed for other eider species, suggesting it is quite reasonable.
To convert total intake of wet mussel mass into energy intake rate first requires assumptions about the size class of mussels taken on average. Eiders often select mussels within a narrow size range (Bustnes & Erikstad 1990 , Bustnes 1998 . A size distribution of mussels in the gullet contents were only available for a single individual that was diving at our specific field site (Ulutsatuq polynya); data for 26 individuals were available for common eiders wintering in Greenland 283 Fig. 1 . Somateria mollissima sedentaria. Estimated energy expenditure per dive cycle (rate of expenditure times duration of activity) for: (A) descending to depth, (B) foraging at depth, (C) ascending and (D) swimming on the surface, all as a function of current speed. Solid black line: baseline energetic estimates, light grey areas: 10% change in baseline parameters under sensitivity analysis, dark grey areas: 50% change in baseline parameters under sensitivity analysis. Note the difference in scale on the vertical axes (S. Jamieson, unpubl. data). A typical mussel length of 20 mm was selected for further analysis, as it was halfway between the distribution of Greenland birds and the bird from our study site. Based on the empirical regression equations of Guillemette et al. (1992) , a mussel 20 mm in length would have a total mass of 1.1 g and contain 0.058 g dry mass of flesh. Brinkman et al. (2003) report an energy content of 22.5 kJ g -1 dry mass, meaning each 20 mm mussel would contaiñ 1.305 kJ of usable energy. Eiders swallow mussels whole, requiring significant energetic costs for digestive processing. These costs include crushing the shells in the muscular gizzard, absorptive digestion and heating the prey. Nehls (1995) estimated the digestion costs to be 14% of usable energy, which would mean 0.1827 kJ per 20 mm mussel. Brinkman et al. (2003) provide formulae to calculate the costs of heating prey as a function of length, which indicates a cost of 0.1522 kJ per 20 mm mussel. However, recent research by Kaseloo & Lovvorn (2006) indicates that heat substitution from exercise and the heat increment of feeding/grinding mussels is likely more than adequate to compensate for heating the prey, particularly for birds diving deep in cold water and feeding on high protein prey such as mussels (all characteristics at our field site). We therefore do not include the 0.1522 kJ cost of heating the mussels as estimated by Brinkman et al. (2003) . Based on the work of Nehls (1995) , Brinkman et al. (2003) report a N to kJ conversion factor of 0.007 for converting crushing forces (from Piersma et al. 1993) into crushing costs, which indicates a cost of 0.357 kJ per 20 mm mussel. Total digestive processing costs are therefore estimated to be 0.5397 kJ per mussel, which yields a net gain per mussel of 0.7653 kJ.
Given a 20 mm mussel weighs ~1.1 g (fresh mass), 10.0 g of mussels in the gizzard suggests that ~9.1 mussels of 20 mm length would be consumed per dive for a net intake of 6.96 kJ. Given that mussels are a sessile prey, we adopted the assumption of Houston & Carbone (1992) that, on average, there is a constant prey energy intake rate per time spent foraging at depth. We therefore used the average bottom time of 40 s ) to estimate a net energy intake rate of 174 W during time spent on the bottom. This corresponds to a mussel intake of 0.228 mussels per second, well within the intake rate functional response curves reported for spectacled eiders Somateria fischeri (Richman & Lovvorn 2003) when feeding on similar sized clams; this could even be considered conservative, given that mussels in eider habitats occur at substantially higher densities (e.g. 1720 to 7330 ind. m -2 : Hamilton 2000) . Of course, the energy content of mussels can vary among individuals and among seasons (see Hamilton et al. 1999) , and widespread natural variation in mussel size abundance, quality, and prey captured per dive is likely to be far more important than minor adjustments in these parameter estimates.
Dive cycle energetics. Using the baseline estimates summarised in Table 1 , net energy gain per dive cycle was estimated by (1) summing the costs of descent, foraging, ascent and surface pausing, and (2) subtracting this from the net energy gain from foraging. This provided a curve of net energy per dive cycle as a function of current speed. From this curve we could calculate the intercepts (i.e. the net energy gain per dive cycle at slack currents [0.0 m s -1 ]) and the critical current speed at which net energy gain per dive cycle switched from positive to negative. Sensitivity analysis was conducted by altering each parameter (see above) and determining the new intercepts (critical current speed and slack current energy intake) and how much they differed proportionally from baseline estimates.
Behavioural time series using radio telemetry. To test the appropriateness of the threshold predicted by the model, we evaluated the fastest current speeds at which eiders were observed diving during 2 very strong tidal current regimes associated with a new moon. Eiders often stop foraging at much slower current speeds in weaker tidal regimes; however, our purpose here was to evaluate the upper limits of current speeds predicted by the model. In accordance with the guidelines of the Sanikiluaq Hunters and Trappers Association, we temporarily attached radio telemeters (RI-2B Transmitters for common eider: 9.0 g, 164.027-164.575 Hz, Holohil Systems) to the surface plumage on the backs of individuals using superglue. Data collection computers (DCC) were connected to radio receivers (DCC II with R4000 Scientific Receiver, Advanced Telemetry Systems) and used to measure the number of pulses transmitted by each radio within a 2 s interval every 12 s. As birds remained in range of the receiver for the duration of the study, ~2 to 3 transmitted pulses were received and recorded by DCC in each interval. The only exception occurred when the birds were underwater during dives; in these cases, no pulses were received and we could determine that the eiders were underwater. Dives last ~1 min ) and so this difference in the number of transmitted pulses could be used to determine the occurrence and time of day of every dive made by each individual throughout the study. Using these behavioural time series, we evaluated the current speed at which eiders stopped and started foraging (prior to and following the peak tidal currents, respectively). Data were available for 6 March 2003 (17 individuals) and 7 March 2003 (7 individuals) during strong peaks in tidal currents associated with a new moon, 2 wk before the equinox. Data were averaged across individuals for comparison with the upper limits to current speed pre-dicted by the energetic model. Tidal current speed was measured every 5 min for the duration of the study using Nortek Aquadopp current loggers (see for details).
RESULTS
The change in energy expenditure for each component of the dive cycle (surface pausing, descent, foraging at the bottom and ascent) is presented in Fig. 1 as a function of current speed for the baseline values presented in Table 1 , as well as the sensitivity analyses for a 10 and 50% change from baseline values (light and dark regions, respectively). The energetic costs of surface pausing increased sigmoidally as a function of current speed (due to the assumption that eiders swam at the same speed as currents in order to maintain position up to a maximum sustainable speed of 1.3 m s -1 ). As current speed increased, the total energy costs of travel time (descent and ascent) increased, due to an increase in the duration of travel with current speed . In contrast, the energy costs of foraging on the bottom decreased with current speed as eiders spend less time foraging at depth in fast currents . Corresponding with the decrease in foraging time per dive cycle, gross energy gain per dive cycle also declined as a function of current speed (Fig. 2) .
A strong non-linear decrease in net energy gain per dive cycle was observed with increasing current speed (Fig. 3) , particularly once currents reach ~0.8 m s -1 .
Despite extensive parameter variation in sensitivity analysis, the strong decelerating relationship was robust, indicating that diving will become unprofitable at current speeds within the range observed at this study site. At baseline values (Table 1) , this curve changes from positive to negative energy gain per dive cycle at a critical current speed of 1.21 m s -1
. The results also indicated a net energy gain per dive cycle of 4282.87 J would be achieved in slack currents.
Sensitivity analysis for each parameter (Tables 2 &  3) indicates that the energetic model is robust to wide variation in our energetic estimates. Further, even with a 50% change in all the estimated energy expenditure rates, the predicted critical current speed and net energy gain at slack currents changed relatively little. However, while the decelerating shape of the curve was robust across all sensitivity analyses, the specific values of these intercepts were sensitive to the rate of energy intake. The predicted critical current speed changed rather substantially with a ± 50% change in prey intake rate, but still fell within the natural variation in tidal amplitude observed in this study system (up to ~1.5 m s -1 ). As expected, net energy Fig. 2 . Somateria mollissima sedentaria. Estimated rate of gross energy intake per dive cycle (descent, bottom foraging, ascent and subsequent pause). Gross intake rates are discounted by energy required to process and digest mussels, but not for energy expenditure (see Fig. 1 ). Solid black line: baseline energetic estimate (174 W), light grey areas: 10% change in intake rate, dark grey area: 50% change in intake rate . Light grey area: sensitivity analysis when all energy expenditure estimates are simultaneously increased or decreased by 10%, while intake rate is simultaneously decreased or increased by 10%, respectively (critical current speed 1.10 to 1.40 m s -1 ). Dark grey area: sensitivity analysis for a simultaneous 50% change in all rates, which demonstrates the robust decelerating shape of this relationship across substantial parameter variation. The exact intercepts are determined primarily by prey intake rate, which is expected to vary considerably across different field conditions gain in slack currents changed substantially with these large changes in prey intake. Compared to other parameters, intake rate had the greatest influence on model results in sensitivity analysis. The rate of energy intake during time spent foraging on the bottom therefore appears to be the most important parameter influencing energy budgets of eiders over the dive cycle. . For both tidal current regimes (Fig. 4) , the critical current speed predicted by the model fell just under +1 SD of the current speed at which eiders were observed to start diving again (following time spent resting and digesting on the ice edge).
Comparison of model output to observed diving behaviour

DISCUSSION
Our empirically based energetic model indicates that the energetic costs of diving and surface swimming increase non-linearly as the speed of tidal currents increase, whilst time spent foraging at the bottom decreases non-linearly. As a result, net energy gain over a dive cycle decreases to a point where foraging can become unprofitable. Foraging gains from benthic mussels under decreasing foraging durations at the bottom are eventually inadequate to balance short term energy budgets. For the average intake rates estimated for mussels at our field site, the predicted critical current speed at which net energy gain switches from positive to negative ). Eiders often stop foraging and rest on the ice edge at current speeds of 0.8 m s -1 ), which corresponds with the beginning of a steep decline in profitability predicted by our energetic model (Fig. 3) . To evaluate the predicted upper limit to profitability, we considered the fastest current speeds in which eiders dove during the very strong current profiles associated with a new moon and approaching spring equinox. We emphasise that foraging time is particularly constrained during these extreme current regimes and that eiders normally do not dive in currents this fast. During these strong current regimes observed on 6 March and 7 March 2003, our model prediction of 1.21 m s -1 was just within 1 SD of the current speed at which eiders returned to the water after resting and digesting on the ice edge during peak currents (Fig. 4) , although on average individuals did not forage at current speeds over ~1.0 m s -1 . This suggests good support for the upper limits to profitability predicted by the energetic model. It is noteworthy that at a slightly higher current speed of 1.3 m s -1 , it is likely that eiders are unable to maintain position during surface swimming (Hawkins et al. 2000) , which could also pose an upper current speed limit to foraging.
These results indicate that fast current speeds can reduce profitability and restrict the time available for 286 Table 2 . Somateria mollissima sedentaria. Sensitivity analysis (±10%, ± 50%) of percent change (% Diff.) in energy estimates of surface costs, descent, foraging on the bottom, ascent and intake rate on the predicted critical current speed at which net energy gain over the dive cycle switches from positive to negative Table 3 . Somateria mollissima sedentaria. Sensitivity analysis (±10%, ± 50%) of percent change (% Diff.) in energy estimates surface costs, descent, foraging on the bottom, ascent and intake rate on the predicted net energy gain per dive cycle at slack current. The predicted energy gain and percent difference from baseline (3786 J) are shown for each case foraging. This has important implications for balancing energy budgets, particularly for eiders diving in sea ice habitats in mid-winter. We discuss below the relative influence of the various energetic parameters on the results of the model, the possible role of physiological and morphological constraints on diving in currents, tradeoffs associated with resting on the ice, and potential implications of the non-linear relationship between current speed and diving energetics for longer term behavioural dynamics of foraging animals.
The relative importance of intake rate
We conducted sensitivity analyses across a broad range of parameter estimates in the model. Overall, the decelerating shape of the relationship between net energy gain and current speed was very robust, even to substantial changes in our energy expenditure and intake rates. Intake rate did have a strong influence on the intercepts: i.e. the predicted net intake at slack currents, as well as the critical current speed threshold at which diving was no longer profitable. Even across extensive sensitivity analyses, the predicted critical current speed was still within the range of tidal conditions observed at polynyas in the Belcher Islands, as well as being within the range of current speeds at which eiders stopped foraging (Fig. 4, Table 2 ). This suggests that intake rate during time at depth is likely to be the most important biological factor influencing the energy budgets of eiders, particularly in strong currents when time at depth for foraging is substantially reduced. Quantitative evaluation of field intake rates are substantially lacking in the literature for many diving species; the present analysis emphasises the importance of obtaining more accurate estimates and of considering the potentially wide variation in prey availability and energy content that occurs in the wild.
While prey intake rate may be relatively constant for some species or habitats (e.g. ad libitum food for diving birds at aquaculture sites), variability in intake rate could be particularly important in some situations. Given that mussels are sessile prey, we assumed a constant intake rate during time at depth. However, in practice over short time scales, intake rates will not be continuous and will involve the discrete capture of individual mussels (or small clumps). Therefore, some periods during foraging at depth are expected to be more successful than others; an average intake rate might only be achieved over several dives of variable success. While a continuous intake rate is a suitable assumption for the purposes of the present model, in faster currents when there is shorter time at depth during which to forage ), consideration of the discrete capture of prey items could be more important as intake rate per dive potentially becomes more variable. If this is the case, then diving in faster currents could be a risk prone strategy (Stephens and Krebs 1986) and we predict that individuals in better condition should stop foraging and climb out onto the ice edge earlier (i.e. in slower currents) than individuals in poorer condition. Given the importance of intake rate at depth emphasised by the energetic model, increasing variability in energy intake while foraging in fast currents could be an important consideration for foraging eiders. While field intake rates are difficult to quantify, natural variability in prey abundance, quality or other factors influencing intake are likely to be substantially greater than these errors of estimation. Our results indicate that this variability in prey intake will Fig. 3 ). Individuals rested on the ice edge during peak currents and began to dive again at an average current speed of ~1.0 m s -1 . The predicted critical current speed fell just under 1 SD above this observed value, indicating good support for the energetic model be a major factor in determining the conditions under which diving is profitable.
While activities such as descent during diving are costly, they only occur for a brief proportion of the dive cycle. We found that resting and swimming on the surface, while cheaper than diving, still constituted a significant proportion of the energy costs per dive cycle. Travel time (descent and ascent) increases with tidal current speed, leading to a decrease in time available for foraging at depth within aerobic limits ). Benthic prey is unlikely to be of sufficient energy content to make substantially more expensive anaerobic diving a profitable activity. The energetic model indicates that, under non-linearly decreasing bottom times as current speed increases, the cost of lost foraging time has a stronger negative influence on energy budgets than the various increasing costs of energy expenditure. Given the importance of intake rate, factors such as prey availability and the ability to locate and exploit profitable foraging patches at depth are therefore critical factors for eiders wintering in sea ice habitats. This could include various components of foraging such as searching ability, prey selection (e.g. size selection or other prey such as sea urchins or fish), capture efficiency and other factors which influence foraging success, such as memory of foraging patches, social information and interference competition (Stephens & Krebs 1986 ). For eiders wintering in the arctic, sea ice extent increases through the winter forcing individuals closer together, which is likely to increase competition and prey depletion . The importance of intake rate therefore has implications for future studies investigating how energy budgets can be influenced by potential increases in the variability of sea ice extent and dynamics associated with environmental change in Hudson Bay.
Resting on the ice, risk of injury and predation risk
When currents are strong, we observed that eiders stop foraging and rest out of water on the ice edge. Observational data indicates this often occurs close to current speeds at which the model predicts the beginning of a steep decline in profitability (i.e. 0.8 m s -1 : Fig. 3 ). The fastest currents eiders were observed diving in, during constraints of a very strong current regime, also corresponded with the upper limits of profitability predicted by our energetic model. Of course, eiders have to balance energy budgets over a longer time scale than a single dive cycle (e.g. on ice in fast currents and overnight); in the long term, foraging may not be worthwhile at even slower current velocities than predicted by energetics over a single dive cycle.
There are a number of additional factors that could influence the current speed at which eiders stop foraging and get out of the water. Our estimate of energy cost while the birds are resting on ice is 4.0 W kg -1 lower than when resting on water in slack currents: a substantial energy saving. This difference would be even greater as current speed increases swimming costs. Energy expenditure whilst at rest on the ice could be further reduced by huddling in a flock, but could also be increased by environmental factors such as declining air temperature and increasing wind speed (measured at -70°C on several occasions). Additionally, resting on the ice makes individuals susceptible to predation by arctic foxes Vulpes lagopus and snowy owls Bubo scandiacus. Therefore, it may only be worth the long term reduction in energetic costs when the difference between the energetics of surface swimming and resting on ice are substantial (e.g. at high current velocities) and/or when resting is done in conjunction with conspecifics (for the benefits of huddling and predator dilution). It is likely that eiders consider a combination of these factors when deciding when to rest on the ice edge.
Depth
Studies on diving animals to date have focused primarily on how the energetics of diving changes with depth. Our approach can be easily adapted to consider depth by changing the energetic costs of buoyancy and drag as a function of depth (e.g. see Lovvorn et al. 2009 ). For example, our approach could be used as a starting point to predict the maximum depth that will allow profitable foraging for a given current speed. This could be particularly useful when quantifying the suitability of habitats that vary in depth characteristics and tidal current regimes. This research demonstrates that when current speeds are high (e.g. > 0.5 m s -1 ), as at our study site, it can strongly affect the behaviour and energetics of foraging by diving animals. The fact that eiders generally did not forage at current speeds greater than 0.8 m s -1 suggests that slower current speeds than our predicted upper limit can also have important effects on energy balance and should be evaluated and accounted for in analyses of diving.
Maximum sustainable swimming speeds
Research from flume tank studies indicates that common eiders cannot maintain surface swimming position at current speeds >~1.3 m s -1 (Hawkins et al. 2000) . To avoid truncating model output, we assumed that, even at faster current speeds, eiders still swim at a maximum of 1.3 m s -1 (e.g. surface position is influenced by currents). In addition to the constraint of net energy balance over the dive cycle, a physical limitation to swim speed may also have an influence on when eiders get out of the water to rest on the sea ice. While eiders often stop foraging and rest on the ice at much slower current speeds than this potential limit, it could be an important consideration in fast current regimes (like those presented in Fig. 4) .
Similarly, for underwater propulsion, it has been suggested that a narrow range of efficient muscle contraction rates could be an important factor explaining relatively constant stroke rates across several species of diving birds (Lovvorn et al. 2004 , Watanuki et al. 2005 . During descent, eiders at our field site maintained a relatively constant stroke rate (2.28 ± 0.23 Hz) and swimming speed (1.25 ± 0.14 m s -1 ) across oncoming current speeds ranging from 0.0 to 1.0 m s -1 . It is interesting that our energetic dive cycle model independently predicted a non-profitable current speed threshold of 1.21 m s -1 , just under the consistent swimming speed of eiders during descent. Faster currents would necessitate swimming outside of this range of normal swimming speeds. Energetic costs might be expected to accelerate as conditions approach the physiological and morphological limits of the organism, which is an interesting topic as all these constraints have likely coevolved.
Summary and implications
Our results indicate that costs of surface swimming and diving can exceed the gains from foraging given adequate increases in current speed. Despite increased predation risk, eiders got out of the water and onto the ice edge at current velocities corresponding with a steep decrease in profitability and did not dive in currents faster than the upper limits predicted by the model. Therefore, while tidal currents can maintain predictable open water habitats for wintering eiders (e.g. polynyas), strong currents reduce profitability and can enforce resting periods: they therefore limit the time available to forage per day in these habitats. This has consequences for daily energy budgets in mid-winter, and indicates the importance of considering current speed in field studies of diving animals.
